Abstract
The relationships between corn (Zea mays L.) grain yield, N supply, and nitrous oxide (N 2 O) emissions as influenced by a change from N-based surface-applications of manure (no incorporation) to a P-based 
Introduction
The main greenhouse gases (GHGs) of concern for dairy agriculture are carbon dioxide (CO 2 ), methane (CH 4 ), and N 2 O. According to the USEPA (2014), N 2 O emission represents 44% of the annual GHG emissions from US agriculture. Soil N 2 O emissions primarily result from denitrification, an anaerobic microbial process that converts nitrate ) to gaseous forms of N, including nitric oxide (NO), N 2 O, and dinitrogen gas (N 2 ) (Meisinger et al., 2008) . Therefore, availability of soil NO 3 -and labile carbon (C) Literature is more conclusive on the effect of N rate on N 2 O emissions. Most research suggests greater N 2 O emissions with higher N rate (Lessard et al., 1996; Jarecki et al., 2009; Dell et al., 2014; Halvorson et al., 2014) . For example, Lessard et al. (1996) Research is needed to evaluate crop yield, N needs, and N 2 O emissions for various manure management practices, taking into account that manure application rates should be lower when manure is incorporated in the spring (Sadeghpour et al., 2016a (Sadeghpour et al., , 2017 . The objective of this study was to evaluate the influence of a corn fertility management change from N-based applications of manure and separated dairy solids (without incorporation) to a P-removal based management of manure (immediate incorporation) and solids on corn yield, N balances, and N 2 O emission, from a field with a long-term history of manure, solids, and inorganic N fertilizer addition during the corn years in a corn-alfalfa (Medicago sativa L.) rotation. Our hypothesis was that total N 2 O emissions increase linearly with N application rate when N is the only yield limiting factor.
Materials and Methods

Experimental Site
A trial was conducted in 2014 and 2015 in Aurora, NY (42.73°N, 76.65°W, 253 m above sea level) on a Lima silt loam (fine-loamy, mixed, active, mesic Oxyaquic Hapludalfs) soil. In April 2014, plot that had received separated solids, liquid manure, and fertilizer N treatments in corn years (2001-2005 and 2011-2013) , had a soil pH (0-20 cm depth) of 7.6, 7.6, and 7.4; SOM content of 39, 31, and 31 g kg -1 , Morgan- extractable NO 3 -N of 3.9, 6.2, and 3.7, Morgan-extractable soil test P concentration of 16, 12.8, and 6.7 mg kg -1 , and Morgan-extractable soil test K content of 91, 112, and 65 mg kg -1 , respectively. According to P and K guidelines in NY (Ketterings et al., 2003b,c) , soil P and K were not a limiting factor in this study. 
Mean air temperatures from
Liquid Dairy Manure and Separated Dairy Solids Sampling and Analysis
Each year, before application of liquid manure and separated solids, subsamples were collected (n=3 per source). Information about liquid and solid manure separation can be found in Gooch and Pronto (2009) .
Samples were frozen until laboratory analysis. Total N was determined via combustion by an Elementar
Vario Max (Elementar Analysensysteme, Hanau, Germany) (AOAC, 2000) . After extraction by KCl, a
Lachat QuickChem 8000 flow injection calorimetric analyzer (Lachat Instruments, Loveland, CO) was used to determine ammonium-N and NO 3 -N. To determine P and K, nitric acid digestion using a CEM Mars Express microwave (CEM Corporation, Matthews, NC) was used and digested samples were analyzed in a Thermo Scientific iCAP 6500 inductively coupled plasma-atomic emission spectrometer (Thermo Electron Corp., Waltman, MA). Liquid manure and separated solids compositions are presented in Table 1 .
Experimental Design and Treatments
In 2014, the experimental design was a randomized complete block design with six fertility treatments and five replicates. The six treatments were: (1) P-based application (wet basis) of separated dairy solids (34 Mg ha -1 ); (2) N-based application (wet basis) of separated dairy solids (90 Mg ha -1 ); (3) P-based addition of liquid dairy manure with immediate (<1 h) tillage incorporation (93 kL ha -1 ); (4) N-based liquid dairy manure application (159 kL ha -1 ); (5) zero N control (0 kg N ha -1 ); and (6) sidedress inorganic N (urea ammonium nitrate) at the rate of 112 kg N ha -1 which is the recommended sidedress N application rate derived from Ketterings et al. (2003a) supported by findings of Sadeghpour et al. (2016c) . The first four treatments are hereafter referred to as organic treatments. In 2015, four treatments were added to the six treatments mentioned above. Treatments for both years can be found in Table 2 and 3. Application rates were based on Sadeghpour et al. (2016a) . Year to year variation in liquid manure and separated solids' composition (Table 1 ) resulted in different actual nutrient applications in each year as presented in Table 3 .
Application rates were set in 2001 assuming corn silage harvest (with associated crop removal according to Ketterings et al., 2003b,c) . Rates were set to (1) meet corn N needs in the 3 rd year of application, or (2) to meet the estimated P removal of corn based on projected corn silage yields (yield potential) as discussed in Sadeghpour et al. (2016a) . A corn silage yield potential of 18 Mg DM ha -1 was predicted for Lima silt loam (Ketterings et al., 2003a) . A corn grain yield potential of 8.7 Mg DM ha -1 was predicted for the same soil type according to Ketterings et al. (2003a) . Corn P removal was estimated at approximately 95 kg P 2 O 5 ha -1 assuming 2.3 g P kg -1 dry matter (average reported by Dairy One, 2007).
Estimated total N needs (starter plus sidedress N) ranged from 125 to 145 kg N ha -1 according to algorithms outlined by Ketterings et al. (2003a) . To meet the expected corn N needs, the inorganic N sidedress rate was set at 112 kg N ha -1 . Organic N availability of liquid dairy manure and separated dairy solids were assumed to be 35 and 25% in the year of application, respectively; organic N availability was set at 12 and 5% in years 2 and 3, respectively, for both sources (Ketterings et al., 2003a) . The availability of N from the inorganic N fraction in the N-based manure was assumed zero because the manure and separated solids were not incorporated until 5 d or more after application, while for P-based manure, 65%
conservation of inorganic N was assumed with direct incorporation with a chisel plow after application (Ketterings et al., 2003a) . The inorganic N content of composted separated solids was so small that incorporation would not conserve additional N, and thus no direct incorporation was done for compost treatments.
The field was in its 14 th and 15 th year of the corn and alfalfa rotation and, as a result, the manure and solids amended fields had a manure history. During the first five years of the study (2001) (2002) (2003) (2004) (2005) , composted dairy solids were used; actual composition and application rates were described in Sadeghpour et al. (2016a) . No manure or solids were added during the alfalfa years (2006) (2007) (2008) (2009) (2010) . In 2011, the first year of corn after alfalfa, no manure or compost was applied as first year corn is unlikely to need additional N (Lawrence et al., 2008 In both years, weeds were controlled with herbicide application.
Soil Sampling and Analysis
Fifteen soil cores were collected before manure application, at planting, at sidedressing, and at harvest from each plot at 0-20 cm depth to determine soil NO 3 -N (Morgan, 1941) . The same number of cores (15 per plot) were collected at sidedressing at 0-30 cm depth for the Pre-Sidedress Nitrate Test (PSNT). Soil samples were oven-dried (<50°C) for at least 48 h and crushed to pass 2 mm before analysis following standard procedures in the Northeast (Griffin et al., 2011) . Soil NO 3 -N was determined colorimetrically (Murphy and Riley, 1962 ) using a Technicon Autoanalyzer I (Pulse Instrumentation Ltd., Saskatoon, SK, Canada).
Corn Stalk Nitrate Test
When whole plant moisture was between 600 to 700 g kg -1 , fifteen corn stalks of 20 cm length were cut at 0.15 m above the ground, following sampling protocols for the corn stalk nitrate test (CSNT) as outlined in Binford et al. (1990) . Each sample was divided into four quarters and one quarter was retained, dried at 60 °C and then ground to pass a 2-mm screen prior to NO 3 analysis. Extractable NO 3 was analyzed using 0.05 mol L -1 Al 2 (SO 4 ) 3 and a 2 mol L -1 (NH 4 ) 2 SO 4 ionic strength adjustor according to Wilhelm et al. (2001) . A nitrate selective electrode and 710A pH/ISE meter (Thermo Scientific Orion, Waltham, MA)
were used.
Corn Grain Yield and N Content
Due to lack of access to silage harvest equipment, the plots were harvested for grain only in 2012-2015. (2000) at Cumberland Valley Analytical Services, Inc., Hagerstown, MD. Crude protein data were divided by 6.25 and reported as N concentration in the grain.
Nitrogen Balance
To determine the N balance for each treatment, N removal with harvest (kg grain yield ha -1 × %N in the grain) was subtracted from applied (credited) N for compost, manure, and fertilizer N treatments in each year. Nitrogen balances varied from year to year due to variability in manure and compost compositions and year-to-year differences in corn grain yield.
Nitrous Oxide Emissions
Vented chambers were constructed based on a design presented in Dell et al. (2014) . Stainless steel cafeteria serving pans (Vollrath Corporation, Sheboygan, WI) were used with a port fit on top for sampling by needle and syringe. To form an airtight seal after installing the chambers in the soil, foam rubber strips were attached to the lower lip of the chamber. Bottoms of the additional serving pans were cut to create chamber bases at 10 cm height. One base was installed (approximately 5 cm in the soil) in every plot prior to measuring N 2 O emissions. Bases were removed for field operations including seedbed preparation, planting and sidedressing and installed again at the same place for the remaining sampling period. At each sampling time, air samples (30 mL) were removed by a syringe and a needle at 0, 15, 30, and 45 min after chamber deployment and transferred into evacuated 12.5-mL exetainers (Labco Ltd., Lampeter, United Kingdom) right after removal from the chamber. Air was sampled 32 times in 2014 and 22 times in 2015 on all main plots, excluding the areas within each organic treatment that had been sidedressed. Air sampling was more intensive (at least three times a week) after manure application and sidedressing fertilizer N. Air sampling intensity was also adjusted based on rainfall events; sampling dates aimed to sample just before and right after major rainfall. After about 2 mo following sidedressing air sampling frequency was reduced to once a week or biweekly following the USDA-ARS GraceNet protocol (Parkin and Venterea, 2010 ).
The analysis of N 2 O in the exetainers was performed using an Agilent 7890A (G3440A, Agilent
Technologies, Santa Clara, CA) gas chromatogram system (GC) with a flame ionization detector (FID) and an electron capture detector (ECD) (Christen et al., 2014) . Samples were injected by a Combi-Pal autosampler (CTC Analytics, Zwingen, Switzerland) capable of sampling 100 exetainers. Samples were drawn from the exetainers using a 2.5 ml N 2 purged glass syringe, with HD-Type PTFE tipped syringe plunger and 23-gauge needle (CTC Analytics AG, Zwingen, Switzerland) and injected into the GC stainless steel, heated (110ºC) purged-packed inlet using N 2 (99.999%) as a carrier gas with a flow rate of 21 ml min -1 at constant flow (column 1) and 22.3 ml min -1 (column 2) at constant pressure ( This summation was done to obtain a relative measure of total N 2 O emissions to compare treatments.
These results should not be interpreted as total seasonal emissions.
At each sampling date, a field scout TDR soil moisture meter (Spectrum Technologies, Inc., Aurora, IL) was used to measure volumetric soil water content (VWC) from 0-to 12-cm depth. Along with soil moisture, soil temperature (0-10 cm depth) was monitored at each sampling date using a soil dial thermometer (Reotemp, San Diego, CA).
Statistical Analysis
Data for corn grain yields, grain N concentration, N removal, PSNT, and CSNT, N balance, and summation of soil N 2 O emissions were analyzed using mixed models (Littell et al. 1996; SAS Institute 2009 ). The CSNT data were log 10 transformed to fit the assumptions of the model. The fixed effect in the model was treatment. while block was a random effect. Data for each year were analyzed individually due to weather patterns and the potential for carryover of N benefits from liquid manure and separated solids in 2014 into 2015. To evaluate the differences among fertility sources (solids, liquid manure, and inorganic fertilizer N), data for each year were analyzed with treatments (solids, liquid manure, and inorganic fertilizer N) as fixed effects, and block as random effect. Nitrogen balance was analyzed by year, where treatments were fixed effects and block was a random effect.
To analyze soil NO 3 -N and N 2 O trends, block and treatment nested within block (indicating plots)
were random effects. In addition, an autoregressive covariance structure was specified for the plots being repeatedly measured over the sampling date within a year. Nitrous oxide emission data were not normally distributed and were log 10 transformed before the analysis. The fixed effects in the model were year, treatment, sampling date, and all the interactions. Summed N 2 O emissions for each sampling period (sum of several dates) was analyzed with treatments as fixed effects and block as random effects. The same statistical approach was applied to total N 2 O emissions (sum of all sampling dates in each year).
When treatment effects were significant, predicted means for each treatment were obtained and a post hoc comparison was done. Least square means were separated using the PDIFF option of LSMEANS in SAS PROC Mixed; least significant differences (LSD) values are reported at P≤0.05. We used a linear regression to determine the relationship between soil NO 3 -N and N 2 O emissions, and corn yield and N 2 O emissions.
Results and Discussion
Corn Grain Yield, N Concentration, N Balance
In 2014, corn grain yield ranged from 6.5 Mg DM ha -1 in the zero N control to 8.5 Mg DM ha -1 in Nbased manure and 112 kg N ha -1 treatments (Table 2 ). Corn grain yields in 112 kg N ha -1 treatment were 2% less than the yield potential for the soil type and 7% greater than the statewide average reflecting sufficient N supply when 112 kg N ha -1 was sidedressed, combined with decent weather condition in 2014. A shift from N-based to P-based separated solids and liquid manure did not decrease corn yields.
However, the yield for corn that had received manure at N-based rates was 1.0 Mg DM ha -1 greater than for corn grown with N-based separated solids consistent with the N-limitation reported for corn grown for silage in the first five years of the study (Sadeghpour et al., 2016a) . Corn grain yields of plots that had received separated solids were 16% less than the yield potential listed for the site, 12% less than what was obtained with the optimum N fertilizer rate, and 6% less than the statewide average in 2014 reflecting N limitations in the plots amended with separated dairy solids. Corn grain yields for P-based manure in 2014 were 0.6 Mg DM ha -1 less than the yield potential, 0.4 Mg DM ha -1 less than what was obtained with the optimum N fertilizer rate, but still 0.3 Mg DM ha -1 above than the statewide average (Table 2) .
In 2015, yields were 3.3 Mg DM ha -1 in zero N control and 6.1 Mg DM ha -1 in 112 kg N ha -1 treatments (Table 2 ). Corn grain yields for optimum N rate (112 kg N ha -1 ) were 30% below the yield potential, 15% below the statewide average, and 28% less than grain yields in 2014, reflecting an extremely wet June and a 19 d dry period in July in 2015 coupled with western rootworm (Diabrotica virgifera virgifera Le Conte) damage and lodging. Shifting from N-based to P-based separated solids without additional sidedressed N resulted in a 30% yield reduction. Corn grain yields for N and P-based separated solids were 2.1 and 3.3 Mg ha -1 less than yields at the optimum N fertilizer rate and 3.5 and 4.4
Mg ha -1 less than grain yields for N and P-based separated solids in 2014, respectively.
Nitrogen-based manure, with a yield of 5.2 Mg DM ha -1 , was the only treatment that yielded similar to the optimum N rate. A switch from N-based to P-based liquid dairy manure decreased corn DM yield by 35% (Table 2 ). The average yield with P-based manure was 2.7 and 4.4 Mg ha -1 less than the optimum N rate and the statewide average, respectively. The considerably lower yield most likely reflected N losses (mainly through leaching) due to an extremely wet June in 2015 combined with an over-estimation of N credits for separated solids as the N source and for incorporation of liquid manure as an application method.
Sidedressing of N increased yields in both N-based and P-based separated solids and liquid manure confirming an N limitation for those treatments (Table 2) (Sadeghpour et al., 2016b) and reflects an increase in biological buffer capacity of the soil and overall soil quality (Meisinger et al., 2008; Long and Ketterings, 2016) .
Nitrogen concentration in the corn grain was significantly influenced by fertility treatments in each year as well. In 2014, corn N concentration was greatest in the 112 kg N ha -1 treatment (13.4 g kg -1 ) followed by P-based manure (13.0 g kg -1 ) (Table 2) , slightly less than the 16-yr corn grain N averages reported by Dairy One in NY (13.9 g kg -1 ). Shifting from N-based to P-based separated solids resulted in a 6% N concentration reduction compared to no significant change in N content with a shift from N-based to P-based liquid manure (Table 2) .
Similarly, in the 2015 growing season the N concentration in the optimum N rate treatment was greater than in all the other organic fertility treatments when no N was sidedressed. This could reflect the extremely wet June that year; separated solids and liquid manure were applied prior to planting while the fertilizer N was applied in late June when corn crop was at its rapid growth stage and able to benefit from readily available N provided by inorganic N fertilizer. A switch from N-based to P-based separated solids management did not influence N concentration in corn grain while the N concentration in corn was less in N-than P-based manure possibly reflecting a yield-driven dilution effect in the N-based plots (Table 2) Table 3 ). The estimated available N in liquid manure treatments were close to estimated corn N needs according to N guidelines in NY (Ketterings et al., 2003a) . There were no differences in estimated available N in N-vs. P-based manure supported by both yield and N concentration data in 2014 (Table 2) . Application of separated solids at the P-based rate resulted in 58% less estimated available N (61 kg N ha -1 ) than for the N-based separated solids treatment (144 kg N ha -1 ) (Table 3) , due to lack of ammonical-N availability in separated solids.
The lower amount of available N was also reflected in lower yields and N concentrations of corn grain where separated solids were applied at the P-based rate (Table 2) . Similar trends were observed in 2015 where applied N was lower than expected corn N removal where separated solids were applied at the Pbased rate, while for the other organic treatments (N-based separated solids, N and P-based liquid manure) the application rates were similar to the targeted N removal rate.
During the 2014 growing season, N removal (133 kg N ha -1 ) was greatest in the optimum N treatment and 7 kg N ha -1 less than what was initially targeted (140 kg N ha -1 ) (Table 3 ). Nitrogen removal rates with application of N-and P-based separated solids were 109 and 100 kg N ha In 2014, the N balance was highest in N-based separated solids (35 kg N ha -1 ) and P-based liquid manure (32 kg N ha -1 ) treatments and lowest in the zero-N control (-67 kg N ha -1 ) ( Table 3) . As expected, a shift from N-to P-based separated solids decreased the N balance from 35 to -39 kg N ha -1 consistent with the N deficiency observed when P-based solids were applied. Shifting from N-to P-based liquid manure increased the N balance by 12 kg N ha -1 but this might reflect an over-estimation of N availability (65% N conservation with direct incorporation) used to calculate N balances in the P-based manure treatment. In 2015, a switch from N-to P-based separated solids decreased the N balance by 78%. There were no significant differences in N balances between N-based and P-based liquid manure which could be explained by lower N addition combined with lower N removal in P-based manure treatments.
Sidedressing of 168 kg N ha -1 of plots with a manure or solids history resulted in greater N balances, higher yields and higher N concentrations in grains.
Soil NO 3 -N Trend, PSNT, CSNT
Soil NO 3 -N levels in April 2014, prior to manure or separated solids addition, ranged from 3.2 mg kg -1 (inorganic N plots) to 6.2 mg kg -1 (plots with a P-based liquid manure history ( In 2015, soil NO 3 -N levels were low (< 5 mg kg -1 ) in April similar to what was observed in 2014
( Fig. 1 ) and prior corn years (Sadeghpour et al., 2016b) . Soil NO 3 -N levels increased 2-fold (N-based separated solids) to 4-fold (P-based separated solids) from April to May (planting time), but NO 3 -N levels were 2-fold lower than in May 2014 consistent with the wet June in 2015. At planting in 2015, unlike 2014, NO 3 -N levels in P-based manure (11.6 mg kg -1 ) were not different from N-based manure (8.7 mg kg -1 ). Similar to 2014, manure application resulted in 19% higher NO 3 -N levels than when separated solids were applied. That year, all treatments had similar NO 3 -N levels at sidedress time and at harvest.
The PSNT (0-30 cm depth) levels ranged from 6.1 mg kg -1 (N-based separated solids) to 18.9 mg kg -1 (P-based manure) in 2014, and from 4.2 mg kg -1 (N-based compost) to 6.6 mg kg -1 (P-based manure)
in 2015 ( Table 2 ). The low PSNT levels suggest that corn plants were N limited in both years (Klausner et al., 1994; Ketterings et al., 2003a) . Lower PSNT levels in separated solids compared to liquid manure plots, suggest that separated solids supply less plant-available N to the plants, consistent with lower yields and N concentrations in the grain.
In 2014, CSNT results ranged from 90 mg NO 3 -N kg -1 (zero N control) to 434 mg NO 3 -N kg The CSNT levels for liquid manure were lower than 2014 reflecting weather challenges and possibly N loss due to excessive rainfall during June. These findings are consistent with lower yields, N concentrations, and PSNT levels where liquid manure was applied as the N source. In 2015, only the stalks of corn that had received the optimum N rate treatment were classified as optimum; CSNT levels were low (<250 mg NO 3 -N kg -1 ) for all organic fertility treatments (Table 2) . Sideressing organic treatments with 168 kg N ha -1 resulted in excessive (>2000 mg kg -1 ; Table 2 ) CSNT levels for all four treatments, reflecting application of fertilizer N beyond crop N needs (Table 2 ). These results suggest that plants grown in manure and solids amended plots that had received the extra sidedress N application were not N limited.
Soil N 2 O Emissions
Baseline (April-May) N 2 O fluxes were low and similar among fertility treatments (Fig S1 and 2) , consistent with the low NO 3 -N availability prior to land application of manure in both years (Fig. 1 Shifting from N-based to P-based liquid manure application decreased N 2 O fluxes by 10% reflecting ammonical-N conservation with tillage incorporation combined with a high VWC (38%) (Fig. S1, S2 ).
Nitrous oxide fluxes right after the major rainfall event, averaged over the two rates, were greater where liquid manure had been applied than when separated solids had been applied reflecting slow release of N from separated solids. of N availability and sufficient VWC (33%) over that time period (Fig. S2) .
In 2014, the summation of N 2 O fluxes in early-June to late-June (before sidedressing of fertilizer N) showed higher values with N-based liquid manure and separated solids addition than in the two controls (Fig. 2) . 
Relationship between Corn Grain Yield and Total N 2 O Emissions
In 2014, total N 2 O emissions were linearly related to corn grain yields (R 2 = 94; P<0.01) with an emission of 398 g N 2 O ha -1 yr -1 per 1 Mg DM ha -1 corn grain yield (Fig. 4) (Fig. 4) . Differences in slope between the two years likely reflect the differences in weather patterns (rainfall). Our results suggest that total N 2 O emissions vary greatly from year to year and increase with greater N availability and thus yield where N is limiting production. A shift to P-based manure management with incorporation of the manure can benefit farming systems through reduced build-up of P and K, and reduced odor, P runoff, and N volatilization losses, but N 2 O emissions will increase if the shift to a P-based system requires addition of fertilizer N.
Summary and Conclusions
In summary, (i) a shift from N-based to P-based manure and separated solids application did not influence Mg ha -1 ); P-removal based separated dairy solids plus 168 kg N ha indicates N was sufficient, and a CSNT >2000 mg kg -1 indicates N was excessive than crop needs. Mean comparisons were done for each year individually where the overall treatment effect was significant (α≤0.05). Means followed by a different letter within each column are significantly different at α≤0.05. 
